Abstract: Global rates of type 2 diabetes in children and adolescents have increased significantly over the past three decades. Type 2 diabetes is a relatively new disease in this age group, and there is a dearth of information about how to structure treatment programs to manage its comorbidities and complications. In this paper, we describe the design and implementation of a personalized multidisciplinary, family-centered, pediatric and adolescent type 2 diabetes program at a tertiary pediatric center in Hamilton, Ontario, Canada. We report the process of designing and implementing such a program, and show that this multidisciplinary program led to improvement in glycated hemoglobin (n=17, 8% at baseline versus 6.4% at 1 year, 95% confidence interval (0.1-0.28), P-value <0.0001) and stabilized body mass index, with lowered C-peptide and no change in fitness or metabolic biomarkers of lipid metabolism and liver function. As type 2 diabetes becomes more prevalent in youth, the need for programs that successfully address the complex nature of this disease is central to its management and to mitigate its long-term adverse outcomes.
Introduction
Over the past few decades, the global burden of disease has shifted from communicable to chronic noncommunicable diseases, 1, 2 and two of the main conditions in the latter group are obesity and type 2 diabetes (T2D). In a remarkable shift in global mortality trends, these two diseases and their complications cause more mortality today than famine. 1 The global epidemic of T2D is driven mainly by the obesity epidemic, and recently it was estimated that the number of people with T2D would increase over the next two decades to include nearly 600 million people. 3 Urgent action is needed to help reduce the impact of T2D on the lifespan and quality of life of people around the world.
Until recently, T2D was largely a disease of adults, yet in the past three decades its rates in children have risen by 10-30-fold in North America. 4, 5 While T2D has been mainly noted in certain ethnic groups and indigenous populations, [6] [7] [8] several other pediatric populations are at risk of T2D, including children who are born small for gestational age, large for gestational age, infants of diabetic and obese mothers, as well as survivors of childhood cancer. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] An increasing number of adults with T2D will be diagnosed with this disease during childhood, and many patients diagnosed during adulthood have risk factors as children that predispose them to T2D. As the scale of the T2D epidemic becomes apparent, new approaches to managing T2D are Dovepress Dovepress 322 samaan et al warranted to limit its devastating impact on children, families, communities, and health care organizations worldwide.
There are several reasons to justify setting up specialized services for children and adolescents with T2D. An increasing number of children are being diagnosed with the disease and require comprehensive programs to manage both obesity and T2D. 4, 5, 21 Furthermore, T2D is a more aggressive disease in children than in adults, with diabetes-related complications and comorbidities presenting early in the course of the disease. [22] [23] [24] [25] [26] Importantly, if good glycemic control is achieved early in the course of T2D, the risk of diabetes-related microvascular and macrovascular complications is markedly reduced in adults with good glycemic control, [27] [28] [29] [30] and while there are no natural history data for pediatric T2D, this may well be the case in children. Therefore, it is important to try to prevent or delay the onset of diabetes-related complications in children by maintaining adequate glycemic control.
On a mechanistic level, there are important considerations in T2D that differentiate it from the most common type of pediatric diabetes, ie, type 1 diabetes, [31] [32] [33] and this is important because it may affect management approaches. Broadly, type 1 diabetes is an autoimmune disease caused by T-lymphocyte-mediated pancreatic β-cell destruction and insulin deficiency, and insulin therapy is mandatory for survival. [31] [32] [33] [34] On the other hand, T2D is predominantly a disease of insulin resistance in obese individuals, with insulin deficiency developing as demand outstrips pancreatic insulin production, and insulin treatment may or may not be required to maintain adequate control. [31] [32] [33] 35 While obesity contributes to the risk of T2D via environmental factors including increased caloric intake and sedentary time, genetic and epigenetic factors also contribute to the genesis of T2D in children. 11, 36 Furthermore, immune activation and inflammation associated with obesity is an important driver of insulin resistance that ultimately leads to diabetes. 37, 38 One of the challenging aspects of managing pediatric T2D is related to the paucity of data regarding effective interventions. In a previous study including 129 children with T2D from Germany and Austria, dropout rates from the program were high and children had relatively high rates of comorbidities. 39 Recently, the Treatment Options for Type 2 diabetes in Adolescents and Youth (TODAY) study reported its findings. 26, 40 This was a large, randomized, prospective clinical trial in which 699 patients aged 10-17 years with T2D were randomized to three treatment choices including metformin alone, metformin plus intensive lifestyle intervention, and metformin plus rosiglitazone. 40 The lifestyle plan involved dietitian and activity specialist input to motivate the participants to adhere to treatment plans. 26, 40 This study demonstrated that metformin monotherapy is as effective as a combination of lifestyle plus metformin to manage diabetes, with stable glycemic control in almost 50% of participants over 3.9 years of treatment; there were also sex-specific and ethnic differences in outcomes. 40 While the combination of metformin and rosiglitazone was superior to the other two interventions, rosiglitazone has been on a restricted use policy until recently, 41 so its use is not likely to be extensive in the short term among children and adolescents.
Here we describe the setup and implementation of a personalized, family-centered, multidisciplinary, pediatric and adolescent T2D management program in a tertiary pediatric center. We hypothesized that the implementation of personalized intensive intervention plans would improve glycated hemoglobin (HbA1c) levels in children and adolescents with T2D. Our primary objective was to determine the impact of this program on reducing HbA1c. Secondary objectives included evaluation of the impact of the intervention on improving fitness, stabilizing body mass index and fat mass, and improvement in the lipid profile, alanine aminotransferase (ALT), albumin-to-creatinine ratio (ACR), and C-peptide levels. In addition, we evaluated the conformation of the program to established quality indicators.
Materials and methods

Program design and implementation
This program was established at McMaster Children's Hospital, a tertiary pediatric center in Hamilton, Ontario, Canada. The center serves a population of around 2.3 million people, about 25% of whom live in the city of Hamilton, and the rest reside in the surrounding regions. The hospital serves as a tertiary pediatric diabetes center caring for around 550 children with type 1 diabetes onsite, and is part of a regional diabetes program with several other satellite diabetes clinics in the region. At the time of establishing the T2D program, our center cared for six adolescents with T2D. The hospital also has a weight management program that cares for close to 400 obese children.
needs assessment and staff engagement
Setting up this new service required collaboration between several professional groups, including hospital management and multidisciplinary clinical teams. Several months before launching the T2D program, a needs assessment was conducted to assess the value of establishing a dedicated, multidisciplinary T2D program. An e-mail survey was 
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Pediatric and adolescent type 2 diabetes management program sent to care providers, including general pediatricians, dietitians, kinesiologists, and nurses in the hospital. We enquired whether a dedicated T2D program was needed to deliver better care to patients and families. The respondents (n=12, 73% female, 70% aged 30-50 years, response rate 50%) identified setting up this program as an important step towards addressing an unmet need for patients with T2D, although there was a feeling that this intervention may or may not change long-term outcomes in these patients (Figure 1) .
In order to secure support from clinical leaders and hospital management, consultations with the head of clinical services, weight management and diabetes physician leads, and clinic managers took place to secure the infrastructure and resources necessary for the running of the program.
To get input from different stakeholders involved in the running of the program, a series of joint meetings including clinical staff, physician leads, and hospital managers were conducted. In these meetings, the program's philosophy, mission, vision, values, and proposed structure were presented, and questions and suggestions were fielded from team members to finalize the design of the program. In order to communicate the setup of the new service to the wider medical community, we announced the launch of the program at a regional pediatric education conference attended by pediatricians, and also posted an announcement in a local newsletter for family physicians in our region.
Development of patient education materials
The development of the patient education manual was done in collaboration with the patient education department in the hospital, and involved inclusion of information needed by children and families to deal with T2D. The team members developed each section of the manual working in subcommittees of nutrition, physical activity, nursing, and social work/ behavioral therapy. The manual includes information about diet, physical activity, sleep, stress, medications, screening for complications and comorbidities, and information about the roles and contact details of the team members, as it is felt that direct access of families to the team is critical in enhancing engagement and participation in the program. The patient education manual has been made available free of charge for use by the diabetes community. 42 We recognized that this document would need to be updated regularly, so it was created as a binder that can be modified by removing or adding documents as needed. Additional documentation regarding alcohol consumption, smoking, drug use, and sexual activity and precautions are added as needed to this binder and are discussed with adolescents during clinic visits. The online document is a live one that will be updated based on new knowledge and feedback received from patients, families, and staff.
Funding
There was no dedicated funding available to hire new personnel for this program, therefore resources were reassigned from existing personnel and using existing infrastructure. This involved agreements with hospital management and clinical service directors that resources from both the weight management and type 1 diabetes programs are dedicated to the new T2D program.
space and infrastructure
The program runs in a 2,800 square foot dedicated clinical setting in the hospital that is used for weight management clinics, with several clinic rooms available for use by team members. The clinic space also includes two exercise testing rooms which have cycle ergometers, treadmills, metabolic carts, and spirometry equipment used by the exercise physiologist and kinesiologist. We also use the InBody520 scan (GE Healthcare, UK Ltd, Little Chalfont, UK) for measuring weight and body fat percentage.
Program structure
The program started accepting patients 7 months after initiating the consultation process, and the design of the program is shown in Figure 2 . The main source of referrals of these patients is family physicians, with occasional presentation to the emergency department or endocrine team in the hospital.
The program included patients who were younger than 18 years of age, with diabetes diagnosed as per current Abbreviations: c-peptide, endogenous insulin; gaD, glutamic acid decarboxylase autoantibodies; ica, islet cell autoantibodies; iaa, insulin autoantibodies; Hba1c, glycated hemoglobin; alT, alanine aminotransferase; acr, albumin to creatinine ratio; Us, ultrasound; PcOs, polycystic ovarian syndrome; Osa, obstructive sleep apnea; MD, physician; rD, registered dietitian; rn, registered nurse OgTT, oral glucose tolerance test.
guidelines. 43, 44 Autoantibody testing is done at presentation, and further investigations and clinical evaluations are done at baseline and annually as outlined in Figure 2 .
The clinic structure is shown in Figure 2 . The clinic structure runs on one morning per month, and this ensures that members of diabetes and weight management teams dedicate their time to dealing only with T2D patients. The program was set up to include monthly visits for patients with team members. Transition to adult care begins at 17-18 years of age, and is completed at 18-19 years of age.
The envisaged structure of the monthly visits involved meeting with the physician and diabetes nurse educator on month 1, then seeing the dietitian on month 2, followed by a meeting with the exercise physiologist to perform exercise testing every 3 months, and meeting with the kinesiologist on month 3 to help with planning activities with some joint visits with team members. A meeting with the social worker was organized for new patients and a behavioral therapist was consulted if the team felt there was a need to help the patient overcome barriers to compliance with regard to managing their diabetes.
During the clinic visits, a review of the management plan including medications, dietary plans, exercise patterns, sleep habits, stress, screen time goals, and progress over the past few weeks was completed. This frequency of visits allowed the team to make suggestions on a regular basis to help patients navigate their management plan, and was important in providing support for patients and their families. Importantly, patients and families also had direct access to all team members between visits if they had any questions. The responsibilities of the team members are defined below.
Personnel Diabetes nurse educator
The nurse was involved in educating newly diagnosed T2D patients and families, including but not restricted to education about blood glucose checks, insulin administration and dose adjustment if needed, management of sick days, hyperglycemia and hypoglycemia, and metformin use and side effects. The nurse educator served as the case manager for the patient, providing the main "go-to" person for families to communicate with the team.
registered dietitian
The dietitian focus was on analyzing dietary intake and eating behaviors to try to understand what drives dietary choices in T2D patients. The dietitian also helped educate families around reading of food labeling and provided guidance on meal planning with controlled portion sizes and provision of the right mix of foods per meal. 45 The advice provided focused on increasing fruit and vegetable intake and eliminating high fat/high carbohydrate-containing food and sugary drinks, as well as addressing eating behaviors that precipitate increased food intake.
exercise physiologist
The exercise physiologist was involved in fitness testing using a cycle ergometer. Graded progressive exercise to volitional exhaustion on the bike was used to assess each patient's peak mechanical power. The test protocol is based on the McMaster All-Out Progressive Cycling Test. 46 
Kinesiologist
Based on the results of fitness testing, the kinesiologist designs an exercise plan tailored to the ability, resources, and goals of the individual patient. This involves recommendations about enhancing physical activity within the usual daily routines and recommendations for more specific exercise routines based on patient preference, and include resistance training, stretching, using an exercise ball, and aerobic activities.
social worker
The social worker meets new families at or shortly after diagnosis, and conducts detailed assessments regarding family structure, dynamics, and resources, and screens for stressors in the child's life.
Behavioral therapist
The behavioral therapist works closely with some patients to define strategies for implementation of the treatment plans, and helps children and their families adjust to the diagnosis.
administrative staff
Support staff are involved in making clinic appointments and directing patient queries to the appropriate staff member.
Physician
During consultations, the physician implements motivational interviewing. [47] [48] [49] This approach engages the patient by asking their permission to discuss issues related to their health and allows the patient to set goals and decide on changes needed to manage their diabetes. 
Other collaborations
Partnerships with other clinical services including sleep clinic, adolescent medicine, and child psychiatry have been established. All patients get referrals to the ophthalmology service initially and then are reviewed annually, and the nephrology service is involved if the patient has proteinuria or hypertension.
implementation of management plans
The clinic's structure and care plans are shown in Figure 2 , and the clinical management pathway used in the program is shown in Figure 3 . The protocol was generated based on an extensive review of the literature, and several evidencebased guidelines were consulted including those of the Canadian Diabetes Association, 44 International Society of Pediatric and Adolescent Diabetes, 50 and American Academy of Pediatrics, 51 along with data demonstrating the value of early insulin use in those with metabolic decompensation to reverse islet glucotoxicity and lipotoxicity. 52 Given that lifestyle intervention alone has about a 10% success rate in T2D, [53] [54] [55] the treatment plan for patients with newly diagnosed T2D involved implementation of pharmacotherapy early in the course of the disease depending on metabolic status and the presence of complications. 51, 56 As noted in Figure 3 , we started patients on insulin at a dose of 0.3 units/kg/day if HbA1c was .9%, and doses were adjusted to achieve glycemic control. We implemented multiple daily injection regimens of insulin glargine (Lantus ® ; Sanofi-Aventis, Bridgewater, NJ, USA) and rapid-acting insulin including insulin lispro (Eli Lilly and Company, Indianapolis, IN, USA) or aspart (Novo Nordisk A/S, Bagsvaerd, Denmark), with blood glucose checks at least four times daily. Insulin was weaned once blood glucose levels were stabilized, and metformin was added for those on insulin within 4-12 weeks of diagnosis and maintained after insulin was stopped.
For those who were 10 years of age or older with HbA1c #9% and metabolic stability, metformin was initiated at a dose of 500 mg once daily and increased by 500 mg every week to a maintenance dose of 1,000 mg twice daily.
In cases where compliance was a concern (n=6) we used Glumetza ® (Valeant Pharmaceuticals International, Inc., Laval, QC, Canada), a slow-release version of metformin used once daily. Blood glucose checks were recommended twice daily, but adherence to this recommendation has been poor, despite reported good compliance with oral hypoglycemic therapy.
Lifestyle intervention began immediately, with consultations with the dietitian followed by a consultation with the exercise physiologist to measure fitness and the kinesiologist to provide recommendations regarding physical activity.
statistical analysis
Sociodemographic and anthropometric variables are reported as the mean ± standard deviation or percentage as noted. Data were checked for normality using the Shapiro-Wilk test, and multiple imputations were used for missing data. Variables were log-transformed if not normally distributed for analysis; this included body mass index, fitness, percent fat mass, HbA1c, lipids, C-peptide, ALT, and urine ACR. The pairedsamples t-test was used to evaluate the differences between variables at baseline and 1 year.
To measure the percent overweight change over 1 year, we used the following equation: 40 ([body mass index at baseline {or at 1 year} − body mass index on 50th percentile for age and sex] /body mass index on 50th percentile for age and sex) × 100.
The statistical significance level for data analysis was set at a P-value of ,0.05. Data analysis was done using Statistical 
Results
Ethical approval for data collection and setting up the database was obtained from Hamilton Integrated Research Ethics Board. The patient anthropometric details are reported in Table  1 . During the first year we acquired 17 patients, including four diagnosed having been referred for management of obesity; this is in addition to four out of the six patients already diagnosed before the setup of the program who were transitioned to the new program. The majority of newly diagnosed patients were referred for further management from the family physician with the diagnosis already established (n=9; Figure 3 ). The ethnic composition of our group included six patients from the aboriginal community, six Caucasian Europeans, two South Asians, two of mixed Caucasian/Afro-Caribbean descent, and one Hispanic subject. The average age at diagnosis was 14.0±1.6 years (n=4 male). The average birth weight was 3,760±718 g, and the reported age of menarche was 11.6±1.7 years.
One patient had positive anti-GAD antibodies (1.6 units/ mL; normal reference for the laboratory is ,1); this patient was diagnosed by their family physician 18 months before referral and was managed with oral hypoglycemic therapy and did not need insulin for the first 2 years while on metformin, and then needed insulin glargine at a dose of 0.06 units/kg/ day with no rapid-acting insulin. By the time she was referred to our program, this patient was noted to be obese and had dyslipidemia, proteinuria, fatty liver disease, and acanthosis nigricans. Her genetic testing for maturity onset diabetes of the young (MODY) was negative, and her C-peptide levels were in the mid-normal range. While we did consider the potential diagnosis of latent autoimmune diabetes of the young (LADY), the low GAD antibody titer, normal C-peptide levels and the other features of insulin resistance led us to classify this patient as T2D. All others were negative for anti-GAD antibodies and none of the patients had detectable anti-insulin or islet cell autoantibodies. One patient presented in diabetic ketoacidosis requiring admission to the intensive care unit.
Of note, data available on 15 mothers and 14 fathers showed that eight (53%) mothers had diabetes compared to three (21%) of fathers at the time their child was diagnosed with T2D; 11 (73%) mothers and four (28%) fathers reported being overweight or obese at presentation, and those mothers reported being obese when pregnant with their diabetic child. Table 1 documents the T2D-associated comorbidities. All patients were obese (body mass index $95th percentile for age and sex), and the majority had nonalcoholic fatty liver disease diagnosed on measurement of ALT and liver ultrasound. The majority had dyslipidemia, and a quarter of the subjects were hypertensive or had proteinuria requiring therapy. Menstrual irregularities and polycystic ovarian syndrome based on a history of oligomenorrhea and hormonal profile with or without ovarian cysts on ultrasound was noted in about half of the female patients. Few had obstructive sleep apnea documented on sleep studies and needing continuous positive airway pressure therapy. None of our patients had peripheral neuropathy, and peripheral pulses were normal in all patients. A pediatric ophthalmologist did detailed annual evaluations, and none of our patients had evidence of retinopathy. Developmental and mental health concerns were noted in some patients, including anxiety (n=3), depression (n=5), and learning disability (n=2).
comorbidities and complications
evaluation of T2D program outcomes
Over the first 12 months, the average HbA1c dropped from 8.0%±2.1% at baseline to 6.4%±0.9% (95% confidence interval (0.1-0.28), P,0.0001, Table 2 ). In addition, the percent overweight change at 1 year compared to baseline was −6.2% (SD 10.4) (n=16; Figure 4) . 40 Over the course of the year, body mass index and adiposity levels stabilized, with no further gain noted; all patients had low fitness levels at baseline and this did not improve with intervention (Table 2) . Subjects had lower endogenous insulin (C-peptide) production (P=0.004), but did not show significant changes in metabolic biomarkers including fasting lipids, liver function (ALT), or urinary protein excretion (ACR, Table 2 ). Insulin was initiated in five patients presenting to the new program at diagnosis, and bedtime Lantus ® (Sanofi-Aventis) added in another patient who was inadequately controlled on metformin monotherapy. Of the five patients started on insulin at diagnosis, one required 0.6 units/kg/day for 9 months and another patient required 0.85 units/kg/day for 11 months to remain euglycemic. The two patients were noncompliant with their treatment plan and had mental health problems that contributed to intermittent compliance with medications and lifestyle intervention plans; another patient remained on Lantus and rapid-acting insulin at 1 year.
Quality indicators
Quality indicators for this program were measured using a tool proposed by the International Society of Pediatric and Adolescent Diabetes to test quality of processes and outcomes in pediatric diabetes care with some modifications. 57 A summary of the modified quality indicators is given in Table 3 . Our data show that this program fulfills the measured quality indicators.
Discussion
Here, we describe the setup of a personalized multi disciplinary T2D management program in a tertiary pediatric center. One of the distinctive strengths of this program is the pooling of finite resources and creating partnerships between clinical programs that bring in complementary skill sets to provide excellent care. In addition, forging collaborations with subspecialist services including nephrology, ophthalmology, adolescent medicine, child psychiatry, sleep clinic, and others has enabled delivery of comprehensive care to these children and families. Collaboration between clinicians and clinical staff with hospital management to support the delivery of innovative care has been instrumental for the realization of this program.
The process of setting up the program involved carefully designed steps to gather staff input, synthesize the information into a workable plan, negotiate resources including personnel We have demonstrated that the implementation of this program resulted in a significant reduction of HbA1c, coupled with a reduction in percent overweight. While our sample size is small, our results are concordant with those of larger studies showing similar effects of lifestyle intervention plus metformin compared with metformin monotherapy, 43 and argues for the role of pharmacotherapy as an important intervention for adequate glycemic control in pediatric and adolescent patients with T2D in addition to lifestyle intervention.
An important aspect of our program is the early use of multiple daily insulin injections in those patients with HbA1c .9%. Previous reports suggested marked improvement in glycemic control within weeks of initiating insulin therapy. 52 Our regimen may be perceived as a more demanding routine than twice-daily regimens by patients and families, and close contact with families in the early weeks of initiation of therapy and rapid withdrawal of insulin if adequate control is achieved may help reduce the duration of insulin use and improve compliance.
We also demonstrated that children with T2D have multiple comorbidities that require subspecialist services to enhance their management. In addition, our program meets the quality indicators of pediatric diabetes programs, including screening for comorbidities and their appropriate management. The attendance rates have been realistic considering that this population is known for its low attendance rates. 39, 40 One important note is that despite having better diabetes control, these patients continued to be morbidly obese, and their physical fitness as well as biomarkers of lipid metabolism and hepatic and renal health did not change significantly with intervention. One notable change was a reduction in C-peptide levels, potentially indicating reduced insulin resistance. There was a significant number of obese and diabetic mothers in our cohort, and this may argue for epigenetic effects of maternal in utero environment driving fetal programming that allows evolution of obesity and T2D in the offspring, but may also affect the response to interventions and outcomes. This is an intriguing possibility and will require a larger sample size to define the answers. The main benefit for implementing lifestyle interventions in these patients may be to target the cardiometabolic risk factors and comorbidities of T2D and not to exclusively manage diabetes. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] 58 One of the challenges after setting up a clinical service is consolidation of current structures, sustaining resources, and planning for future growth. We are advocating for the provision of funding that will allow the program to grow its services, including organization of youth retreats, adding further dietetic services, group education sessions for patients and families, T2D outreach programs, and providing psychology services as part of the team, as this is currently an added referral for these patients.
A fundamental question that will not be answered immediately is whether this intervention will prevent or delay adverse long-term outcomes or ameliorate their severity; furthermore, the long-term cost-effectiveness of this program will not be evident immediately. However, as T2D is an aggressive disease in children and adults with multiple comorbidities, and as it is occurring early in the case of children, it seems reasonable to treat it early and aggressively.
In summary, we report the development of a new multidisciplinary, personalized, family-centered T2D program for children and adolescents at a tertiary pediatric center. Longitudinal follow-up of patients is mandatory to see if these initial gains are maintained and long-term outcomes are improved.
